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Abstract

We have conducted Ab initio molecular dynamics simulations of
hydrogen fluoride (HF) at pressures of 5-66 GPa along the 900 K
isotherm. We predict a superionic phase at 33 GPa, where the flu-
orine atoms are fixed in a bcc lattice while the hydrogen atoms diffuse
rapidly with a diffusion constant of between 2 x 107° and 5 x 107°
em?/s. We find that a transformation from asymmetric to symmetric
hydrogen bonding occurs in HF at 66 GPa and 900K. With superionic
HF we have discovered a model system where symmetric hydrogen
bonding occurs at experimentally achievable conditions. Given previ-
ous results on superionic HoO[1, 2, 3] and NHs|1], we conclude that
high P, T superionic phases of electronegative element hydrides could
be common.

Superionic solids exhibit exceptionally high ionic conductivity, where one
ion type rapidly diffuses through a crystalline lattice of the remaining types.
This is a unique phase of matter in which bonds are breaking and reforming
very rapidly. Since their discovery in 1836, a fundamental understanding
of superionic conductors has been one of the major challenges in condensed
matter physics|4|. In general, it has been difficult to create a simple set of
rules governing superionic phases. Studies have mostly been limited to com-
pounds with metallic elements, such as metal halides like Agl and PbF,[4].
In contrast, the existence of superionic solid phases of hydrogen bonded com-
pounds has been theorized previously[5, 1]. Recent experimental and com-
putational results indicate the presence of a high pressure triple point in the
H,0O phase diagram|6, 7, 2|, including a so-called superionic solid phase with
fast hydrogen diffusion|2, 3.

Cavazzoni et al.[1] found a symmetrization of the H-O-H hydrogen bond
in superionic water. More recently, Goldman et al. found that the superionic
phase of water undergoes a transformation from asymmetric (conventional)
to symmetric hydrogen bonding at pressures above 95 GPa at 2000K. In
symmetric hydrogen bonding, the intramolecular X-H bond becomes identi-
cal to the intermolecular X H bond, where X is an electronegative element.
This provides a depression in the bond mid-point energetic barrier, which
facilitates pressure induced bond dissociation|8|. Consequently, symmetric
hydrogen bonding could be a key factor in superionic diffusion in hydrogen
bonding systems.

Due to current limitations in diamond anvil cell techniques, the temper-
atures and pressures that can be investigated experimentally are too low to



probe the predicted transformation to symmetric hydrogen bonding in pre-
viously studied hydrides, such as NHs[1] and H,O. For instance, in water
Goldman et al.|3] predicted that symmetric hydrogen bonding occurs at 95
GPa and 2000K. The combination of very high pressure and temperature
make it challenging to use traditional optical probes in the diamond anvil
cell[2]. Thus, we seek to find other materials that will achieve a symmetri-
cally hydrogen bonded superionic phase at more accessible temperatures and
pressures. We expect HF to demonstrate symmetric hydrogen bonding at
lower pressures and temperatures than H,O due to the high strength of its
hydrogen bonds.

Although HF clusters have been studied extensively (e. g., ref. [9]), rel-
atively little is known about the condensed phase. In particular, few high
pressure studies of HF exist, despite the relative simplicity of the molecule.
A previous Raman study of solid HF obtained spectra at 25 K and up to
17 GPa|10]. The F-H stretch showed red-shifting and disappearance (at
ca. 7 GPa) as a function of pressure, concomitant with blue-shifting and
broadening of the librational modes. These features were attributed to the
symmetrization of the hydrogen bond, as observed in other hydrides at high
pressure, including DCI|11|, HBr|12] and HyO|2|. This observation suggests
the existence of a superionic phase of HF at previously uninvestigated pres-
sures and temperatures.

As a result, HF provides a unique system for studying pressure and tem-
perature induced effects on hydrogen bonded systems. It forms some of
the strongest hydrogen bonds known|13, 14|, making it an ideal material
for our purposes. We report results of Car-Parrinello molecular dynamics
simulations|15| along the 900 K isotherm from 5 — 66 GPa. In these sim-
ulations we observe a transformation from a molecular solid to one which
exhibits superionic diffusion mediated by symmetric hydrogen bonds at ex-
perimentally achievable conditions. Our results show that symmetric hydro-
gen bonding could play a large role in this superionic diffusion. The lower
pressures needed to induce this phase of HF will allow for more extensive ex-
perimental studies of superionic phases of hydrogen bonded compounds. Our
results indicate that previously undiscovered superionic solids, e. g. HCI and
HBr, may also exist at experimentally accessible temperatures and pressures.



Methods

For our simulations we have used Car-Parrinello Molecular Dynamics|15]. We
used the BLYP exchange-correlation functional[16, 17|, and Troullier-Martins
pseudo-potentials[18] for both fluorine and hydrogen. In order to insure
convergence of the stress tensor, we used a plane wave cutoff of 180 Rydberg.
The temperature was controlled by using Nosé-Hoover thermostats[19, 20| for
all nuclear degrees of freedom. A fictitious electron mass of 200 au was used.
This resulted in a time step of 0.048 fs. The simulations were performed on
64 HF molecules in a fixed volume cell with periodic boundary conditions.

Our simulations began from an initial state of crystalline HF. The crystal
structure of HF at high pressures is unknown. The orthorhombic lattice
observed experimentally at ambient conditions|21| was found to be stable
in simulations at zero pressure and room temperature. In simulations at
pressures of 5 GPa or more, however, we found that the orthorhombic lattice
was unstable at room temperature. Since it is difficult to accurately predict
the relative energy of molecular solid phases based on density functional
theory|22|, we took the bce lattice as a simple representative solid phase
without further investigation of other molecular solid lattices. The bce phase
was stable at room temperature for all pressures investigated here.

Initial conditions were generated by creating a bcc unit lattice of two
fluorine atoms at the density of interest. The hydrogen positions were op-
timized within the bce unit cell. This bee unit cell was then replicated so
the simulation cell contained 54 molecules, and the hydrogen positions were
optimized once more. The temperature was increased from 0K to 900 K in
steps of 300-450 K, using velocity scaling for ca. 2 ps at each temperature
step. All simulations were equilibrated for a minimum of 2 ps at the final
temperature of 900K. Data collection simulations were run for 5-10 ps.

Results and Discussion

In a molecular phase, the diffusion constants of H and F atoms are identical.
For a superionic phase, on the other hand, the H atoms are expected to have
liquid-like values while the F atoms do not diffuse. The calculated atomic
diffusion constants for our simulations are shown are shown in Fig. 1, with
the equation of state results included as the inset plot of Fig. 2. The diffusion
constants were determined via the usual method from the slope of the particle



mean-square displacement at long times, viz., ((r;(t) — Ti(O))2> = 6Dt, where
D is the diffusion constant.

At 5 and 15 GPa (1.8 and 2.4 g/cc), the bee lattice melted completely
and the system exhibited molecular diffusion (viz., Dy =~ D). However, at
33 GPa and 66 GPa (3.0 and 3.6 g/cc), we observe the onset of a superionic
phase, wherein the hydrogens diffuse rapidly over a stable fluorine bcc lattice.
For both pressures, the hydrogens exhibit diffusion comparable with molec-
ular diffusion at ambient conditions|23|. Once symmetric hydrogen bonding
is achieved at 66 GPa (discussed below), the hydrogen diffusion constant
increases substantially to a value above that of the molecular liquid.

Given the relatively short simulations times (= 10 ps) accessible by first
principles molecular dynamics, it is reasonable to question whether the su-
perionic phase is thermodynamically stable. In order to test the stability of
the superionic phase, we heated the bece lattice to melting at 3.0 g/cc. We
found that in order to melt the bce lattice the system had to be heated to
1900 K (in steps of 500 degrees for 2 ps) before melting was observed. The
superionic phase thus appears to have a broad region of stability, extending
roughly from 900K to 1900K at 3.0 g/cc. This observation increases our
confidence that the superionic state is thermodynamically stable.

We also found that a superionic phase of HF can be formed either by
heating the molecular solid or by cooling the liquid. We cooled the liquid
phase at 3.0 g/cc from 1900K in steps of 100 200 degrees for 2 4 ps. At
600K an amorphous superionic solid formed.

The vibrational density of states (VDOS) for the simulations are pre-
sented in Figure 2. The VDOS is calculated by taking the Fourier Transform
of the velocity autocorrelation function, viz.,

Cyv (w) = /(vi(t)vi(())) e~ L.

In the molecular liquid at 5 GPa, the first peak in the VDOS occurs at
ca. 125 em~! with a noticeable shoulder at ca. 500 ecm~!, both of which
correspond closely to translational and librational bands in the experimental
Raman spectrum at the same pressure[10] and 25K. In addition, we observe
the H-F stretch vibrational band at ca. 3400 cm~!, which matches well with
the both the experimental IR [24]| spectra and Raman spectra. In contrast, at
66 GPa dramatic changes have occurred within the system. The translational
band is absent, and in place of the librational “shoulder” there is a broad
band at 600 cm~!. In addition, the H F stretch peak is red-shifted and



significantly decreased in intensity, a feature also found in the high pressure
Raman studies[10]. Similar spectroscopic changes have been attributed to
symmetric hydrogen bonding in low temperature, high pressure experiments
on various hydrogen bonded systems|10, 11, 12, 2|.

The F-H radial distribution functions (RDF) at 900K and varying pres-
sure are shown in Figure 3. The RDFs were calculated according to the fol-

lowing equation: g(r) = x5 <Zf\;# d(rj; — r)>, where V' is the volume of the
system, IV is the number of particles in the system, and 7 and j are summed
over all species pairs (F-F, H-F, and H-H). The g(Rpy) exhibits a number
of broad peaks similar to a liquid, even though the fluorine atoms occupy
lattice positions. This is due to the hopping of hydrogens between specific
sites relative to the fluorines, and the relatively high vibrational amplitudes
at 900K. At 5 GPa, the first minimum of g(Rpp) is at ca. 1.2 A, indicat-
ing the predominance of molecular HF. At 66 GPa, the first minimum has
shifted to 1.64 A, consistent with hydrogen bond symmetrization. Note that
the superionic phase found at 33 GPa shows a first minimum of g(Rpp) of
1.2 A, similar to the molecular liquid. Thus hydrogen bond symmetrization
occurs well inside the boundary of the superionic phase.

The first peak at 66 GPa can be decomposed into two (Gaussians, one
centered at ca. 1 A, and the other at ca. 1.2 A. The first Gaussian most
likely corresponds to a covalent bond, and the peak at 1.2 A to an ionic bond
with the neighboring fluorine. Thus, the hydrogen bonding in superionic HF
at 66 GPa is not entirely symmetrized in that the covalent and ionic bond
lengths are not yet equal.

Coordination numbers clearly demonstrate the symmetrization of hydro-
gen bonding in superionic HF. The coordination number is defined as the
volumetric integral of g(Rpy) from 0 to the first minimum. In Figure 4 the
coordination number is seen to clearly change from 1 at 5 GPa, consistent
with molecular HF, to 2 at 66 GPa, consistent with symmetrically hydrogen
bonded HF. The coordination number undergoes a continuous change with
pressure, despite the first order phase transition from the liquid phase to the
superionic phase.

The behavior of the coordination number in HF is very similar to that
found in previous simulations of HyO[3|. In Figure 5 we show the coordina-
tion number of O in HyO at 2000K as a function of pressure. The coordi-
nation increases from 2 in molecular H,O to 4 in superionic H,O. As with
HF, the transformation to symmetric hydrogen bonding occurs well inside



the superionic phase boundary.

The change from asymmetric to symmetric hydrogen bonding in the su-
perionic phase could occur either as a continuous transformation within the
superionic phase or as a distinct thermodynamic phase transition. Although
the limited number of simulations presented here do not fully address this
issue, the continuous nature of the equation of state curve in Figure 2 suggest
a continuous tranformation.

It is difficult to unambiguously determine chemical species in highly reac-
tive condensed phase materials. We take two simple approaches here. In the
first, we define instantaneous species based on the F-H bond distance. If the
bond distance is less than a value r., we count the atom pair as bonded. De-
termining all the bonds in the system gives the chemical species at each point
in time. Considering the F-H vibrational frequency at 3400 cm™!, species
with lifetimes less than an F-H bond vibrational period (10 fs) are “tran-
sient”, and do not represent bound molecules. The optimal cutoff r. between
bonded and non-bonded species is given by the location of the maximum in
the free energy surface, viz. W(r) = —kgT In[g(Rrp)], where W (r) is the
free energy surface (potential of mean force). The maximum in W (r) cor-
responds to the first minimum in g(Rggy). This choice, while intuitive, also
corresponds to the optimal choice of a transition state for the dissociation|25|
within transition state theory. In the second method to determine species,
we count two atoms as bonded only if their distance is less than r. for a given
period of time. This has the advantage of reducing possible overbonding in
the chemical picture, but has the disadvantage of introducing an empirical
parameter in the description, i.e. the minimum bond lifetime.

We now analyze the molecular species, lifetimes and structures using the
first method. We find that no molecular hydrogen (Hj) or molecular fluorine
(F3) has been formed during the simulations at all densities. Snapshots from
several of the simulations are shown in Fig. 6. At 5 GPa, the predominant
species is HF, which has a lifetime of close to 1 ps. We also observed clustering
wherein up to three HF molecules have formed neutral and ionic clusters.
However, all of these clusters have lifetimes less than 10 fs, indicating that
they are not bound complexes. At 15 GPa, the HF lifetime has dropped to
less than 150 fs. For this density, clusters up to the neutral HF hexamer were
found. At 33 GPa we have observed the superionic phase. At this point, the
HF lifetime has decreased to ca. 72 fs. The degree of clustering has become
more pronounced, with greater concentrations of up to the neutral and ionic
hexamer being recorded. The predominant species at all of these state points



is HF, and all other species detected had lifetimes of less than 10 fs.

Our result for 66 GPa is the most interesting state point investigated. At
this density, the predominant species is a transient network of F—H bonds,
encompassing most if not all of the atoms in the simulation. This network
is due to the increase in F—H bond distance; no F-F or H-H bonds were
found at any point during the simulation. Many of the F' H pairs that are
considered bonded are fleeting in nature. Thus, we have repeated our cal-
culations with the second method of species determination, considering only
bonds with lifetimes greater than a 10 fs cutoff. 10 fs corresponds roughly to
one vibrational period of the F-H bond, and thus is a logical minimal bond
lifetime.

We observed ca. 60% of H F bonds that met our distance criteria also
met this lifetime criteria at 66 GPa. The average lifetime of these bonds was
ca. 160 fs. Inspection of 10 fs long segments of the trajectory revealed long
hydrogen bond chains, somewhat similar to what is observed in the liquid at
much lower temperatures and pressure[13]. Several stable HF molecules were
also observed with the above criteria, although the predominant species was
the hydrogen bonded network. Observation of the hydrogen bond chains did
not depend particularly on the lifetime cutoff used. For example, ca. 50% of
bonds met an increased lifetime cutoff of 20 fs, and ca. 30% met a cutoff of
50 fs. Consequently, this extended hydrogen bond network is a (relatively)
long-lived feature of hydrogen bonded superionic solids, that is present for
reasons other than fleeting contact between nuclei.

We find that at 66 GPa, hydrogens diffuse via a trigonal coordination
mechanism. This is consistent with features of well-known superionic solids,
such as Agl, in which the silver ion diffuses through the trigonal interstitial
sites|4]. Snapshots of a hydrogen diffusing through the lattice are shown in
Fig. 7. The formation of three bonds likely weakens each individual one,
thus allowing the hydrogen to hop more easily through the fluorine sub-
lattice. The ease with which multiple ionic bonds can form is due to the
symmetric hydrogen bonding.

In order to determine the degree of covalency of H F bonds in our sim-
ulations, the maximally localized Wannier centers|26] of several trajectories
were calculated, and a distribution function of the distance from the near-
est fluorine atom was determined. There is a minimum in the distribution
function (ry;,) at roughly 0.35 A in all of the simulations. We used Tmin tO
differentiate between Wannier centers corresponding to lone pairs (r < ryiy)
and those corresponding to covalent bonds (r > ry;,). This definition was
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used to compute the percentage of ionic and covalent bonds. At pressures
of 5 33 GPa we find that 96-100% of the F H bonds are covalent. For 66
GPa, we find that about 50% of the bonds are covalent.

Finally, we have performed a Mulliken|27| population analysis of a snap-
shot of the simulations at 66 GPa in order to estimate the ionic charges.
There are difficulties in applying charge localization schemes with a plane-
wave basis set, since a secondary atom-centered basis set must be introduced
during the charge localization. In order to generate a simple estimate of Mul-
liken charges, the mixed basis set CP2K|28| code was used to perform the
Mulliken population analysis on a representative snapshot from the CPMD
simulation at 66 GPa, with a cutoff of 400 Ry, a basis set of DZVP, and with
the BLYP functional|28, 29].

For a single snapshot, we observe an average hydrogen charge (in au) of
+0.43 +0.033 and an average fluorine charge of -0.43 +0.049. Interestingly,
we observed that a geometry optimized HF monomer has nearly identical
charges on the atomic species. Considering the observed 50% covalent bond-
ing, we expect that the site charges will approach an absolute value of 0.5 as
the hydrogen bonding becomes increasingly symmetric. n

Conclusions

We have predicted a new superionic solid phase of HF. The superionic phase
is characterized by a stable fluorine bcce lattice and highly mobile hydrogen
atoms. At the highest pressures simulated, we see a symmetrization of the
hydrogen bond, where the superionic solid becomes an extended network
of very short-lived partially covalent bonds. The hydrogens diffuse through
the fluorine sub-lattice via trigonal interstitial sites. It should be observable
by experiments at ca. 33 GPa and 900 K (c. f. 49 GPa and 1000 K for
water|2|). In addition, the hydrogens and fluorines are not fully ionized,
similar to previous results for a superionic solid at ambient pressure|30|.
The symmetrically hydrogen bonded form of the superionic solid is pre-
dicted to occur at 66 GPa (c. f. 95 GPa, 2000K for water|3|). There is some
reason to expect that the experimental observation of symmetric hydrogen
bonding in superionic HF could be technically easier than the corresponding
observation in HoO. Thus, HF serves as an excellent model for studying the
role of symmetric hydrogen bonding in high pressure superionic solids.
Future simulations may explore the role of quantum effects in superionic



solid phases. We expect that zero point motion will favor hydrogen delocal-
ization, perhaps leading to a larger calculated locus for the superionic phase.
Such simulations would be extremely difficult computationally, but could be
accessed with the most recent terascale computers.
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Figures

e Figure 1: Hydrogen and fluorine diffusion constants as a function of
density. The onset of symmetric hydrogen bonding is discussed further
in the text.

e Figure 2: Vibrational density of states at simulations at 5, 33 and 66
GPa. The equation of state is in the inset.

e Figure 3: F-H Radial distribution functions.

e Figure 4: Coordination number of F as a function of pressure in HF at
900K.

e Figure 5: Coordination number of O as a function of pressure in H,O
at 2000K

e Figure 6: Snapshots of the simulations at 5, 33, and 66 GPa. The
fluorine atoms are colored green and the hydrogens grey. Bonds were
only drawn if they met both the length and lifetime cutoffs (1.63 A
and 10 fs, respectively). Dashed lines correspond to hydrogen bonds
that have lifetimes longer than the 10 fs cutoff. The snapshots at 5 and
33 GPa exhibits chains of hydrogen bonds, similar to what is found
in the ambient liquid[13, 14]. The bcc lattice in the 33 and 66 GPa
simulations is clearly observed. Several HoF species can be seen in the
66 GPa picture, which are artifacts of the periodic boundary conditions.
The superionic solid at 66 GPa exhibits superionic diffusion with near
symmetric hydrogen bonding.

e Figure 7: Sequential snapshots of superionic HF, taken from the sim-
ulation at 66 GPa. Fluorines are labeled green and the hydrogens are
white. In (b), a triply coordinated hydrogen is found. The blue bonds
indicate the activated nature of the configuration. This transition state

configuration has a lifetime of only ca. 10 fs. Part (c) shows the new
H-F-H bond pair.
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(c) Symmetric H-bonded superionic solid.

Figure 6:

17



Figure 7:
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